The neurotrophin Brain-Derived Neurotrophic Factor (BDNF) has been implicated in a number of neuropsychiatric disorders, including alcohol use disorder. Studies have shown that BDNF activity in cortical regions, such as the medial prefrontal cortex (mPFC) mediates various ethanol-related behaviors. We previously reported a significant down-regulation in Bdnf mRNA in mPFC following chronic ethanol exposure compared to control mice. The present study was conducted to extend these findings by examining whether chronic ethanol treatment reduces BDNF protein expression in mPFC and whether reversing this deficit via direct injection of BDNF or viral-mediated overexpression of BDNF in mPFC alters voluntary ethanol consumption in dependent and nondependent mice. Repeated cycles of chronic intermittent ethanol (CIE) exposure was employed to model ethanol dependence, which produces robust escalation of ethanol intake. Results indicated that CIE treatment significantly increased ethanol intake and this was accompanied by a significant decrease in BDNF protein in mPFC that lasted at least 72 h after CIE exposure. In a separate study, once dependence-related increased drinking was established, bilateral infusion of BDNF (0, 0.25, 0.50 mg) into mPFC significantly decreased ethanol intake in a dose-related manner in dependent mice but did not affect moderate drinking in nondependent mice. In a third study, viral-mediated overexpression of BDNF in mPFC prevented escalation of drinking in dependent mice but did not alter intake in nondependent mice. Collectively, these results provide evidence that adaptations in cortical (mPFC) BDNF activity resulting from chronic ethanol exposure play a role in mediating excessive ethanol drinking associated with dependence.
Introduction
Alcohol use disorder constitutes a significant public health problem. Alcoholism is a chronic relapsing disease and heavy (excessive) levels of drinking can lead to dependence. Chronic alcohol (ethanol) exposure triggers neuroadaptations that contribute to escalation and maintenance of sustained excessive ethanol consumption associated with dependence (Becker, 2012; Hansson et al., 2008; Koob, 2013; Koob and Le Moal, 2008; Vengeliene et al., 2008) . Several animal models have been developed that demonstrate dependence-related excessive levels of ethanol consumption (Becker, 2013; Becker and Ron, 2014; Vendruscolo and Roberts, 2014) . For example, we developed a mouse model of ethanol dependence that involves repeated cycles of chronic intermittent ethanol (CIE) exposure and results in escalation of voluntary ethanol consumption (Becker and Lopez, 2004; Griffin et al., 2009a Griffin et al., , 2014 Lopez and Becker, 2005) . Use of these preclinical models has been critical for identifying neuroadaptive changes that underlie dependence and promote excessive levels of drinking.
We previously conducted a study to profile brain regional changes in gene expression associated with our mouse model of ethanol dependence and relapse drinking (Melendez et al., 2012) . Analysis of the gene microarray results revealed a robust downregulation in Brain-Derived Neurotrophic Factor (Bdnf) mRNA expression in medial prefrontal cortex (mPFC) following CIE exposure. This transcriptional change was confirmed by quantitative real-time polymerase chain reaction (RT-PCR) analysis (Melendez et al., 2012) . This finding is congruent with a growing body of evidence implicating a role for BDNF in regulation of various ethanol-related behaviors.
BDNF is a member of the neurotrophin family of growth factors that play an important role in the development and maintenance of the nervous system. BDNF is widely distributed and highly expressed in mammalian brain, and it is secreted from neurons in an activity-dependent manner, interacting with TrkB receptors and low-affinity p75NT receptors to regulate a multitude of cellular processes (Sandhya et al., 2013) . BDNF has been implicated in a number of neuropsychiatric disorders (Nagahara and Tuszynski, 2011; Ninan, 2014) , including substance use disorders (Ghitza et al., 2010; Russo et al., 2009 ). In particular, preclinical and clinical studies have implicated BDNF in alcohol drinking, dependence, and relapse (Davis, 2008) . For example, in humans, a polymorphism in the Bdnf gene (Val66Met) is functionally significant in that the allele encoding Val66 was shown to confer higher risk for relapse (Wojnar et al., 2009 ) while the 66Met variant was associated with earlier onset and greater severity of alcohol dependence (Matsushita et al., 2004) .
Studies in animals also show a relationship between BDNF and various ethanol-related behaviors. For example, several genetic rodent models demonstrate an inverse relationship between propensity to drink and BDNF expression levels in the brain (Hensler et al., 2003; McGough et al., 2004; Moonat et al., 2011; Pandey et al., 2004; Prakash et al., 2008; Yan et al., 2005) . Moderate levels of ethanol consumption were reported to increase Bdnf mRNA expression in hippocampus (Stragier et al., 2015) and dorsolateral striatum (Bahi and Dreyer, 2013; Jeanblanc et al., 2009; Logrip et al., 2009) . Conversely, prolonged ethanol intake produced decreased Bdnf mRNA expression in frontal cortex (Darcq et al., 2014; Logrip et al., 2009; Orru et al., 2016; Tapocik et al., 2014) . Further, viral-mediated decreases in BDNF expression in dorsal striatum increased ethanol drinking (Jeanblanc et al., 2009) , while increasing BDNF expression in this brain region reduced ethanol consumption, effects mediated by BDNF-TrkB receptor interaction (Jeanblanc et al., 2006 (Jeanblanc et al., , 2013 Logrip et al., 2008) .
Few studies have examined BDNF expression in prefrontal cortex and how changes in cortical BDNF levels influence ethanol consumption in the context of dependence. Here we report that repeated cycles of CIE exposure produce a lasting reduction in BDNF protein expression in mPFC. Replenishing this deficit by directly infusing BDNF into the mPFC selectively reduced excessive drinking in dependent mice without altering more moderate levels of intake in nondependent subjects. Further, viral-mediated overexpression of BDNF in mPFC protected against the escalation of ethanol intake observed after repeated CIE exposure.
Material and methods

Subjects
Adult (9 weeks old) male C57BL/6J mice obtained from Jackson Laboratories (Bar Harbor, ME) were individually housed under a 12-hr light/dark cycle (lights on at 0200 h) in an environmentally controlled facility, with food and water continuously available at all times. All work was approved by the Institutional Animal Care and Use Committee and conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).
General study design
A model of ethanol dependence and relapse drinking developed in our laboratory (Becker and Lopez, 2004; Griffin et al., 2009a Griffin et al., , 2014 Lopez and Becker, 2005) was utilized for all studies. Briefly, mice were first trained to drink ethanol (15% v/v) in a 2-bottle choice limited access (2 h/day) paradigm. Once stable baseline ethanol intake was established (~4 weeks), mice were separated into two groups (equated for baseline level of ethanol intake). Mice received either chronic intermittent ethanol (CIE) vapor (CIE group) or control air (CTL group) exposure in inhalation chambers (16 h/ day for 4 days), as detailed below. After a 72 h abstinence period, all mice were given the opportunity to drink ethanol for 5 consecutive days under the limited access conditions as before. This pattern of weekly CIE (or air) exposure alternated with weekly limited access Test drinking sessions was repeated for several cycles (Fig. 1 ).
Limited access drinking procedure
Mice were given limited access to ethanol (15% v/v, with tap water as the alternative fluid) in the home cage, as previously described (Becker and Lopez, 2004; Lopez and Becker, 2005) . Briefly, the 2-hr drinking sessions started 30 min before the beginning of the dark cycle. Solutions (prepared daily) were presented at room temperature in 15 ml graduated tubes, and the position of the ethanol and water bottles was alternated daily to avoid side preferences. The amount of ethanol and water consumed (±0.1 ml) was recorded daily and body weights were recorded weekly. Mice were not food or water deprived at any time during the experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Baseline
Chronic intermittent ethanol (CIE) exposure
Mice were exposed to chronic intermittent ethanol vapor or air in inhalation chambers, as previously described (Becker and Lopez, 2004; Griffin et al., 2009a Griffin et al., , 2014 Lopez and Becker, 2005) . Chamber ethanol concentrations were monitored daily and air flow was adjusted to maintain ethanol concentrations within a range that yielded stable blood ethanol levels throughout exposure (200e250 mg/dl). Ethanol concentration in the inhalation chambers and blood ethanol levels in CIE and CTL mice were determined as previously described (Becker and Hale, 1993; Lopez and Becker, 2005) . This study examined the effects of CIE exposure on BDNF protein expression in the mPFC. Mice were treated in the ethanol dependence and relapse drinking model. Following a 5th CIE (or air) exposure cycle, separate groups of CIE (N ¼ 7/group) and CTL (N ¼ 5e7/group) mice were sacrificed at 0-hr, 8-hr, or 72-hr time points. Brain tissue samples were collected for BDNF protein measurement.
Study 2
This study examined whether microinjection of BDNF into the mPFC reduces escalated ethanol consumption associated with CIE exposure. After recovery from stereotaxic surgery, mice were treated in the ethanol dependence and relapse drinking model. CIE (N ¼ 8e15/group) and CTL (N ¼ 9e13/group) mice received bilateral microinjection of BDNF (0, 0.25, 0.50 mg/side) into the mPFC 24 h prior to the first drinking session of Test Cycles 4, 5, or 6. Microinjections were administered in a quasi-randomized manner, with no animal receiving more than two infusions and no animal receiving both BDNF doses.
Study 3
This study examined whether viral-mediated overexpression of BDNF in the mPFC prevents the development of escalated drinking associated with CIE exposure. Mice received stereotaxic-guided infusions of active (AAV-BDNF) or control (AAV-GFP) virus into the mPFC 2 weeks prior to the start of study. Ethanol intake during four weeks of baseline and then Test Cycles 1e4 was monitored in CIE (N ¼ 9e10/group) and CTL (N ¼ 10e11/group) mice. Brain (mPFC) tissue was collected at the end of Test 4 for measurement of BDNF protein (ELISA) and immunohistochemical validation of viral placements.
Brain tissue collection
Following decapitation, brains were rapidly extracted and quickly frozen in a mixture of isopentane and dry ice, and then stored at À80 C until dissection. Coronal sections were made on ice at 4 mm and 6 mm rostral to the interpeduncular fossa, which was used as a reference point (~-3.5 mm to Bregma) (Franklin and Paxinos, 2008) . This 2 mm section was used to isolate dorsomedial prefrontal cortex using ice-cold stainless steel 1 mm punches (Ted Pella, Inc.). Bilateral tissue samples were collected for protein analysis and samples were homogenized (brief sonication) in lysis buffer and stored (À80 C) until the assay performed.
BDNF protein measurement
BDNF protein levels in brain tissue samples were measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Human BDNF DuoSet). The ELISA kit used has a wide linear range (0e1500 pg/ml) and a limit of detection, determined in our laboratory, of 15 pg/ml. Standards (8 concentrations) were run in triplicate and brain samples (100 ml aliquots) assayed in duplicate. The manufacturer's instructions were followed with the exception that the lysis buffer for tissue homogenization was made using Protease Inhibitor Cocktail (Cal Biochem) and Igepal and glycerol (Sigma). An aliquot (50 ml) of the tissue sample homogenate was used to quantify total protein concentration (Bradford method) using a 600 nm Protein Assay (Pierce).
Preparation of Adeno-Associated virus (AAV) for BDNF overexpression
A pAAV-IRES-hrGFP plasmid containing the cytomegalovirus (CMV) promotor and the human BDNF sequence (NCBI Reference Sequence: NG_011,794.1) was provided by D. Ron. The plasmid was amplified in DH5a E. coli cells and purified using the Promega PureYield Midiprep kit. An aliquot of the plasmid was sent to the UNC Viral Vector Laboratory and packaged into Adeno-Associated virus (AAV, serotype 5) with a titer of 4.1 Â 10^12 viral particles (AAV-BDNF). The control virus used for the sham group was AAV5-hSYN-GFP (AAV-GFP) obtained from Addgene (50,465-AAV5) at a titer of 3 Â 10^12 viral particles.
Stereotaxic surgical procedures
Basic procedures for stereotaxic surgery and implanting guide cannulae in mice were similar to that previously described (Griffin et al., 2009b (Griffin et al., , 2014 . Under isoflurane anesthesia, mice had the bilateral guide cannulae (Plastics One, Inc) implanted targeting the mPFC (AP: þ2 mm, ML: ±0.4 mm, DV: À1.2 mm, Bregma was used as a reference point) (Franklin and Paxinos, 2008) . Bilateral microinjections were delivered using dual syringe Model 11 Pumps (Harvard Apparatus) in a volume of 0.25 ml/side administered over 2 min, with the injector left in place for an additional 2 min to allow diffusion of the injected agent. Recombinant human BDNF (rhBDNF, R&D Systems) was prepared in 1xPBS (Boston Bioproducts) immediately prior to microinjection. For BDNF overexpression studies, 0.25 ml of either AAV-BDNF or AAV-GFP was bilaterally infused into the mPFC (AP: þ2 mm, ML: ±0.4 mm, DV: À1.7 mm) using a 0.5 ml, 33-gauge Hamilton Neuros syringe (Reno, NV) at a rate of 0.05 ml per minute. After a 5 min diffusion period, the syringe was slowly retracted over an additional 5 min period. All animals undergoing surgery were given 1e2 weeks recovery time before experiments commenced.
Histological procedures
Mice with guide cannulae were deeply anesthetized using urethane (3 g/kg), transcardially perfused with normal saline (10 ml) followed by 10% Formalin ® (10 ml) and fixed brains were sectioned (40 mm) and stained using Cresyl Violet. Placements were determined by reference to a mouse stereotaxic atlas (Franklin and Paxinos, 2008) . Only data from mice with correct bilateral microinjector placements were included in data analyses. A subset of BDNF-overexpressing and GFP-expressing mice were deeply anesthetized using urethane (3 g/kg), transcardially perfused with normal saline (10 ml) followed by 4% paraformaldehyde (10 ml) and fixed brains were sectioned (40 mm), placed in 1Â phosphate buffered saline (PBS) then mounted with Prolong Diamond ® prior to imaging. The native GFP tag in AAV-BDNF and AAV-GFP expressing tissue was imaged on an EVOS FL microscope (ThermoFisher, Rochester, NY). The remaining mice were used for measurement of BDNF levels in mPFC by ELISA. Only data from mice with correct bilateral GFP expression or elevated BDNF levels were included in data analyses.
2.11. Statistical analyses 2.11.1. Study 1 Ethanol consumption (g/kg) was analyzed with a 2-way repeated measures ANOVA, with Group (CIE, CTL) as a betweensubjects factor and Test Cycle (Baseline and Tests 1e4) as a repeated measure. BDNF protein expression data were analyzed by 2-way ANOVA, with Group and Time (0, 8, 72 h) as factors.
Study 2
Ethanol intake prior to BDNF microinjection was analyzed by repeated measures ANOVA, with Group and Test Cycle as factors. Daily intake after BDNF microinjection was analyzed by 3-way ANOVA, with Group (CIE, CTL) and Dose (0, 0.25 and 0.50 mg BDNF) as between-subject factors and Days as a repeated measure. Separate 2-way ANOVAs (Group x Days) were conducted for each BDNF dose, and average ethanol intake during the final test cycle (Test 4) was analyzed by 2-way ANOVA (Group x Dose).
Study 3
Average weekly ethanol intake over the 4-week baseline period was analyzed by ANOVA, with Group (CTL-GFP, CTL-BDNF, CIE-GFP, CIE-BDNF) as a between-subjects factor and Weeks as a repeated measure. Drinking data during the last week of baseline and the four test cycles was analyzed by 2-way ANOVA (Group x Test Cycle), and separate analyses were also conducted for mice that received AAV-GFP and those that received AAV-BNDF treatment. Intake during Test 4 for all groups was analyzed by 1-way ANOVA, a similar analysis was performed on BDNF levels in mPFC from ELISA assay.
For all studies, statistical analyses were carried out using Statistica (TIBCO) software package. Post-hoc comparisons were performed when appropriate (Newman-Keuls), with p < 0.05 considered statistically significant.
Results
Effect of chronic intermittent ethanol exposure on BDNF protein expression in mPFC
Chronic ethanol exposure in inhalation chambers was relatively consistent across exposure cycles with resultant BEC values in the 200e250 mg/dl range (mean ± s.e.m. for CIE groups sacrificed at 0-hr, 8-hr, and 72-hr post-exposure ¼ 213.6 ± 11.1, 205.7 ± 5.6, and 229.0 ± 7.9 mg/dl, respectively). As expected, CIE mice exhibited a progressive increase in ethanol consumption over successive test cycles. This was supported by ANOVA, which indicated a significant Group x Test Cycle interaction between [F(4,192 ) ¼ 14.82, p < 0.0001]. Post-hoc comparisons indicated that CIE mice consumed significantly more ethanol during Tests 3 and 4 compared to their baseline level of intake (ps < 0.001), and ethanol intake was greater in CIE mice compared to CTL mice during Test 3 (p < 0.001) and Test 4 (p < 0.001). In contrast, ethanol intake remained relatively stable over test cycles in CTL mice ( Fig. 2A) .
CIE and CTL mice were sacrificed at 0, 8, or 72 h following a fifth CIE exposure cycle for determination of BDNF protein content in mPFC. ANOVA revealed a significant main effect of Group [F(1,34) ¼ 8.60, p < 0.01] but no Group Â Time interaction [F(2,34)< 1.0], indicating that CIE exposure produced a significant reduction in BDNF protein expression in mPFC at all time points evaluated (Fig. 2B) . Thus, relative to nondependent animals, decreased mPFC BDNF protein content immediately following CIE exposure persisted for at least 3 days into withdrawal.
Effect of BDNF infusion into mPFC on ethanol drinking in dependent and nondependent mice
Chronic ethanol exposure during inhalation treatment was relatively stable across all cycles of exposure, yielding BEC values in the range of 200e250 mg/dl (mean ± s.e.m. ¼ 213.0 ± 6.4 mg/dl). Ethanol consumption during the last week of Baseline was similar for CIE mice and CTL mice. Over repeated test cycles prior to BDNF treatment, ethanol intake significantly increased in CIE mice over Baseline levels, while intake in CTL mice remained relatively stable. This was supported by a significant Group x Test Cycle interaction [F(3,108 CIE-exposed mice consumed more ethanol during Test 2 and 3 compared to their baseline level of intake as well as in comparison to CTL mice (ps < 0.005) ( Table 1) . At 48 h following the fourth, fifth, or sixth ethanol vapor/air exposure cycle (24 h prior to the start of Test Cycles 4, 5, or 6), CIE and CTL groups received bilateral microinjections of BDNF (0, 0.25, 0.50 mg) in a quasi-randomized fashion. ANOVA revealed no significant effect of order of treatment, so data were combined for presentation and further analyses. Analysis of daily ethanol intake during the treatment test periods revealed a significant main effect of Group [F(1,58) ¼ 41.18, p < 0.0001] and a Group Â Dose interaction [F(2,58) ¼ 11.73, p < 0.0001], but the Group x Dose Â Day interaction did not achieve significance [F(8,232)< 1.0]. Separate ANOVA of vehicle-treated mice indicated a significant main effect of Group [F(1,26) ¼ 68.08, p < 0.0001], and the lack of a significant Group Â Day interaction [F(4,104)< 1.0] supports the observation that the elevated ethanol intake in CIE mice compared to CTL mice was consistent across all days of the testing period (Fig. 3A) . A similar pattern of results was evident in mice that received microinjection of the lower BDNF dose (0.25 mg). That is, CIE mice consumed significantly more ethanol than corresponding CTL mice treated with this dose of BDNF [F(1, 15) ¼ 19.45, p < 0.001] (Fig. 3B) . In contrast, ethanol consumption did not differ between CIE and CLT mice that received intra-mPFC infusion of 0.50 mg BDNF [F(1,17) < 1.0] (Fig. 3C) .
Analysis of ethanol intake averaged over the 5-day test period following intra-mPFC infusions indicated that BDNF significantly reduced ethanol intake compared to vehicle-treated CIE mice while not altering intake in CTL mice (Group Â Dose interaction: [F(2,58) ¼ 11.73, p < 0.0001]). Post-hoc analysis indicated that ethanol consumption was significantly greater in dependent (CIE) mice compared to nondependent (CTL) mice that received vehicle (p < 0.001) or 0.25 mg BDNF (p < 0.001), but this group difference was eliminated in mice treated with the 0.50 mg BDNF dose. Further, ethanol intake was significantly lower in CIE mice that received microinjection of 0.50 mg BDNF compared to vehicle (p < 0.001). The lower BDNF (0.25 mg) dose did not significantly alter intake in CIE mice and neither BDNF dose altered intake in CTL mice (Fig. 3D) . Microinjector placements for subjects included in data analyses, determined by inspection of Cresyl Violet stained sections, are depicted schematically using a mouse stereotaxic atlas template (Franklin and Paxinos, 2008) (Fig. 3E) . Collectively, these results indicate that BDNF infusion into mPFC eliminates CIE-induced escalated drinking by selectively reducing ethanol consumption in dependent mice.
Effect of BDNF overexpression in mPFC on ethanol drinking in dependent and nondependent mice
Analysis of ethanol intake during the baseline phase of the study indicated no significant effect of Group [F(3, 36 range across all exposure cycles (mean ± s.e.m. for CIE-GFP and CIE-BDNF groups ¼ 217.5 ± 7.4 and 213.4 ± 3.6 mg/dl, respectively). ANOVA of average weekly ethanol intake during the last week of Baseline and Test Cycles 1e4 indicated a significant main effect of Group [F(3, 36 Post-hoc analysis indicated that ethanol intake significantly increased over Baseline levels during Tests 1e4 in CIE-GFP mice (ps < 0.01), while ethanol consumption remained relatively stable across all test cycles in CTL-GFP mice. Further, ethanol intake was significantly greater in CIE-GFP mice compared to CTL-GFP mice during Tests 2, 3, and 4 (ps < 0.001) (Fig. 4A) . Similar analysis in AAV-BDNF groups BDNF indicated no significant effect of Group [F(1,18)< 1.0] or Group X Test Cycle interaction [F(4,72)< 1.0], suggesting that over-expression of BDNF in the mPFC blocked escalation of intake observed after CIE exposure (Fig. 4B) . Analysis of Test 4 data for all groups revealed a significant effect of Group [F(3,36) ¼ 17.65, p < 0.0001], with post-hoc comparisons indicating significantly greater ethanol intake in the CIE-GFP group compared to all other groups (ps < 0.001) (Fig. 4C) . Together, these findings indicate that overexpression of BDNF in mPFC selectively reduced dependence-driven escalation of drinking while not altering ethanol consumption in non-dependent mice.
At the end of Test Cycle 4, mice were sacrificed to confirm viral expression or BDNF levels within the mPFC. A subset of mice from each group (N ¼ 4e6/group) were evaluated to confirm location and extent of GFP fluorescence in mPFC (Fig. 5A) . The remaining mice were sacrificed, brains flash-frozen, and mPFC tissue samples punched from sections (Fig. 5B) for later BDNF analysis (ELISA). Both CIE and CTL mice treated with the AAV-BDNF virus evidenced elevated BDNF levels in mPFC. ANOVA supported this impression, indicating a significant main effect of Group [F3,16) ¼ 6.44, p < 0.005], and post-hoc tests indicated significantly higher BDNF levels in CIE-BDNF and CTL-BDNF groups compared to CIE and CTL mice treated with the control virus (ps < 0.05) (Fig. 5C ).
Discussion
Results of the present study show that ethanol dependence involving repeated cycles of CIE exposure produces a persistent reduction in BDNF protein content in mPFC. Replenishing this deficit by directly administering BDNF into the mPFC blocked escalated drinking already established in dependent mice without significantly altering more moderate levels of intake in nondependent mice. Furthermore, viral-mediated overexpression of BDNF in the mPFC prevented the development of escalated drinking ordinarily observed over successive, repeated cycles of CIE exposure. Collectively, these results implicate an important role for prefrontal cortical BDNF in mediating and/or promoting excessive levels of ethanol consumption associated with dependence.
Reduced BNDF protein expression in mPFC produced by CIE exposure is in general agreement with other studies demonstrating an inverse relationship between BDNF expression in the brain and propensity to consume ethanol. However, the relationship between BDNF and ethanol consumption is complex, varying with brain region and length of ethanol exposure. For example, acute or moderate levels of ethanol consumption have been shown to increase Bdnf mRNA and BDNF expression in dorsal striatum (Bahi and Dreyer, 2013; Jeanblanc et al., 2009; Logrip et al., 2009; McGough et al., 2004) and hippocampus (Stragier et al., 2015) . In contrast, chronic ethanol exposure was reported to reduce BDNF mRNA and protein expression in forebrain structures such as hippocampus (Hauser et al., 2011) and cortex (Orru et al., 2016) , but not nucleus accumbens (Darcq et al., 2014; Logrip et al., 2009; Tapocik et al., 2014) . In some cases, reduced BDNF expression (in sub-nuclei of the amygdala) was only observed after withdrawal from chronic ethanol treatment , while no changes in BDNF expression was observed in dorsal striatum even though this brain region was very sensitive to moderate ethanol exposure (Logrip et al., 2009 ).
To our knowledge, results from the present study are the first to report that direct injection of BDNF into the mPFC reduces ethanol consumption in mice with a history of dependence. The fact that this effect was only observed in dependent mice suggests that changes in cortical BDNF activity as a function of chronic ethanol exposure contribute, at least in part, to escalated drinking that is associated with dependence in this model. Since intra-mPFC injection of BDNF did not significantly alter moderate levels of ethanol consumption in nondependent mice, it is unlikely that the reduced intake in dependent animals was a nonspecific effect.
Similar to our microinjection findings, exogenous application of BDNF into the central and medial (but not the basolateral) nuclei of the amygdala reduced voluntary ethanol intake in rats. Further, antisense inhibition of endogenous BDNF in these regions increased ethanol drinking and behavioral measures of anxiety, Values are mean ± s.e.m. . BDNF overexpression in mPFC selectively reduces escalated drinking in ethanol dependent (CIE-exposed) mice. Active (AAV-BDNF) and control (AAV-GFP) virus was infused into the mPFC 2 weeks prior to baseline ethanol drinking. Data are presented as average weekly ethanol intake (g/kg) during the last week of baseline and four test cycles for (A) GFP-expressing CIE (N ¼ 10) and CTL (N ¼ 10) mice, and (B) BDNF-expressing CIE (N ¼ 9) and CTL (N ¼ 11) mice. Ethanol intake during Tests 1e4 increased over baseline level of intake in CIE-GFP mice (#, p < 0.01) and intake was greater in CIE-GFP compared to CTL-GFP mice during Tests 2, 3, and 4 (*, p < 0.001). (C) Ethanol intake (g/kg) for all groups during Test 4; ethanol consumption in CIE-GFP mice was greater than intake for all other groups (*, p < 0.001). Values ate mean ± s.e.m.
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with both effects reversed by co-infusion of BDNF (Pandey et al., 2006 . Interestingly, BDNF microinjection in the dorsolateral striatum was effective in reducing moderate ethanol consumption but did not reduce intake after long-term binge-like consumption . Additionally, our results are generally consistent with those reporting that BDNF injection into the mPFC reduces cocaine seeking behavior (Barry and McGinty, 2017; Go et al., 2016; Sun et al., 2014; Whitfield et al., 2011) . This suggests that manipulation of BDNF activity within the cortex influences addiction-related behaviors for ethanol and other substances of abuse. Our finding that increased expression of BDNF in the mPFC prevents escalation of drinking associated with dependence further implicates an important role for the neurotrophic factor in the addiction process. It is interesting that viral-mediated overexpression of BDNF in the mPFC did not alter baseline level of ethanol intake, even though increased levels of BDNF protein content was observed within 2 weeks following injection of the virus (unpublished data). Further, overexpression of BDNF in the mPFC did not alter intake in nondependent mice but ethanol consumption was significantly reduced in dependent mice compared to CIE-exposed mice that received the control virus. This suggests that mitigating CIE-induced deficits in BDNF activity within the mPFC effectively prevents ethanol consumption from increasing above moderate levels of intake displayed by nondependent animals.
Other studies have similarly shown that viral-mediated increases in BDNF expression alter ethanol consumption, with effects dependent on the target brain region. For example, viral-mediated increased BDNF expression in dorsal striatum reduced ethanol consumption while interference with BDNF production and its signaling effects via TrkB receptor activation increased ethanol drinking (Jeanblanc et al., 2006 (Jeanblanc et al., , 2009 (Jeanblanc et al., , 2013 Logrip et al., 2008; McGough et al., 2004) . It has also been shown that excessive ethanol drinking in mice expressing the Met68BDNF polymorphism, which decreases activity-dependent BDNF release throughout the brain, can be reversed by overexpression of the Val68BDNF allele specifically in ventromedial prefrontal cortex . These latter data complement our findings and further support the role of BDNF within the mPFC in the regulation of ethanol consumption.
The mechanism by which BDNF influences ethanol consumption and, in particular, excessive drinking associated with dependence is not fully understood. BDNF signaling through the TrkB receptor has been shown to play an important role in the regulation of ethanol drinking. For example, pharmacological antagonism of ERK/MAP kinase signaling down-stream of the TrkB receptor has been shown to reverse the suppressive effect of BDNF infusion in the dorsolateral striatum on ethanol intake (Jeanblanc et al., 2013) . Similar studies have shown ERK/MAP kinase signaling downstream of TrkB to mediate the suppressive effect of intra-mPFC BDNF on the reinstatement of cocaine seeking behavior (Barry and McGinty, 2017; Whitfield et al., 2011) . Furthermore, activation of BDNF-TrkB receptor signaling is known to induce various transcription factors that not only regulate BDNF transcription itself, but also influence various other gene targets that are known to influence ethanol self-administration behavior, such as dopamine D3 receptors and neuropeptides (e.g., dynorphin, neuropeptide Y) (Jeanblanc et al., 2006 (Jeanblanc et al., , 2013 Logrip et al., 2008; Pandey et al., 2006 Pandey et al., , 2008 . While much of this ethanol-related work has focused on BDNF activity in sub-cortical structures (e.g., striatum, amygdala), future studies will need to determine whether similar signaling mechanisms underlie the ability of intra-mPFC BDNF treatment to selectively reduce escalated drinking associated with ethanol dependence.
Conclusion
In summary, a model of ethanol dependence involving repeated cycles of chronic intermittent ethanol exposure produced significant reductions in BDNF protein expression in mPFC that accompanied escalated ethanol consumption. To reverse this cortical deficit in BDNF, microinjection of BDNF into the mPFC selectively reduced excessive ethanol intake in dependent mice without altering more moderate and stable drinking in nondependent mice. Further, mitigation of chronic ethanol-induced BDNF reductions in mPFC by prior viral-mediated overexpression of BDNF in the mPFC prevented the escalation of drinking in dependent mice while not altering intake in nondependent mice. Collectively, these results indicate that chronic ethanol exposure produces adaptations in cortical BDNF, which play a significant role in contributing to excessive ethanol drinking associated with dependence. As such, these results have important clinical relevance given the increased interest in BDNF as a therapeutic target for various psychiatric disorders, including addiction (Nagahara and Tuszynski, 2011) .
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